Abstract. The spin-crossover phenomenon is a cooperative low-spin (LS) to high-spin (HS) transition which can be initiated using temperature or light irradiation. We have used muon-spin relaxation (µSR) to study this transition in two salts which show this effect. µSR provides local magnetic information and hence a means of examining this transition from a local perspective. For both salts, the LS phase gives rise to root-exponential relaxation which we associate with a dilute distribution of fluctuating moments resulting from incomplete spin crossover. The low temperature HS fraction which remains is small but can be altered by rapid cooling. We relate the observed muon relaxation to the underlying fluctuating moment distribution and compare our results to Monte-Carlo simulations of these distributions.
A transition metal ion of configuration 3d
n (n = 4 to 7) in octahedral surroundings can have a low spin (LS) or high spin (HS) ground state, depending on the magnitude of the crystal-field splitting energy ∆ cf , measured between e g and t 2g orbitals compared to the mean spin pairing energy P. When ∆ cf and P are of comparable magnitude, the energy difference between the lowest vibronic levels of the potential wells of the two states may be sufficiently small that a change in spin state may occur due to the application of a relatively minor external perturbation. A crossover [1, 2] between the LS and HS states is associated with a change of magnetic properties and often by a change of colour. Iron (II) systems (3d 6 ) can show a crossover between LS (S = 0) and HS (S = 2) induced by changes in temperature or by light irradiation [3] . The crossover as a function of temperature is relatively smooth and gradual in solution, but very sharp in the solid state, showing that cooperativity plays an important rôle. The intermolecular interactions are thought to be communicated by phonons since the spin crossover is accompanied by a significant change in Fe-ligand bond-lengths [4, 5] .
The spin crossover can be followed using bulk measurements of the magnetic susceptibility χ as a function of temperature T . For Fe 2+ ions, the molar fraction of molecules in the HS state, c, is given by c = χT/(χT ) HS where (χT ) HS is the value of χT when all molecules are in the HS state. Usually c = 0 at low temperatures and c = 1 at high temperatures, reflecting the fact that the HS state maximizes entropy while the LS state minimizes energy. However, the energy difference is often very small and it is sometimes found that the spin crossover is incomplete at low temperatures so that c 0 as T → 0. The spin crossover can be hysteretic so T c (↑) T c (↓) where T c (↑) and T c (↓) are the transition temperatures for warming and cooling respectively.
The use of spin crossover compounds in information processing has been a motivating goal in the development of spin transition supramolecular assemblies [6] . The presence of molecular bistability in such assemblies is crucial. However, it is the possibility to tune the transition temperature and hysteresis loop width using small chemical changes [2] or molecular alloying [7] that has made these molecular systems particularly attractive.
We have recently [8] used implanted muons to study the spin crossover in two Fe(II) compounds: Fe(PM-PEA) 2 (NCS) 2 (T c (↑) = 231 K, T c (↓) = 194 K) [9, 10] and Fe(PM-AzA) 2 (NCS) 2 (T c (↑) = 192 K, T c (↓) = 186 K) [11, 12] . Susceptibility measurements on both samples have shown a crossover from a HS fraction c close to 1 at high temperatures to c close to 0 at low temperatures [11] . In a µSR experiment [13] spin-polarized positive muons are stopped in a target sample. Each muon (lifetime 2.2 µs) decays into two neutrinos and a positron, the latter particle being emitted preferentially along the instantaneous direction of the muon spin. Recording the time dependence of the positron emission directions therefore gives direct information about the spin-polarization of the ensemble of muons. The behaviour of the polarization depends on the magnitude and time dependence of the local magnetic field at the muon site, and is thus sensitive to both local spin arrangements and spin dynamics.
Data for the spin-crossover compounds Fe(PM-PEA) 2 (NCS) 2 and Fe(PM-AzA) 2 (NCS) 2 are shown in Fig. 1 . The asymmetry data A(t) were fitted to a form
where the background term A bg and the relaxing amplitude A 0 were kept constant.
For Fe(PM-PEA) 2 (NCS) 2 , the relaxation changes from Gaussian (β = 2) at temperatures above the spin crossover to root-exponential (β = 0.5) at low temperature. For Fe(PM-AzA) 2 (NCS) 2 , the relaxation changes from close to exponential (β = 1) at temperatures above the spin crossover to root-exponential (β = 0.5) at low temperature. At 100 K, the relaxation could be quenched by the application of a 10 mT longitudinal field. Only ∼1 mT is needed to quench most of the relaxation at 300 K. 2 (NCS) 2 , (cis-bis(thiocyanato)bis(N-2'-pyridylmethylene)-4-(phenylethynyl) aniline iron), molecular structure shown in left inset. Right inset shows the temperature dependence of β, which falls from 2 in the HS state to just below 1 2 in the LS state (the spin crossover is hysteretic; the data are taken on warming so that the appropriate crossover temperature is expected to be 231 K [12] ). (b) Muon-spin relaxation in Fe(PM-AzA) 2 (NCS) 2 , (cis-bis(thiocyanato)bis(N-2'-pyridylmethylene)-4-(phenylazo) aniline iron), molecular structure shown in left inset. Right inset shows the temperature dependence of λ and β. The parameter β falls from close to 1 in the HS state to just below 1 2 in the LS state (the data are taken on warming so that the appropriate crossover temperature is expected to be 192 K [12] ). After [8, 14] .
The muon interaction with a local magnetic moment is dominated by the dipole-dipole interaction, of the form A[S · I − 3(S · r)(I · r)/r 2 ], where r = |r| is the distance between spin S and muon spin I and A ∝ r −3 is a coupling parameter. In the HS state, all the molecules are in the S = 2 state and the S = 2 electronic moments will be fluctuating very fast. Exponential relaxation (β = 1) will result if the fluctuations are characterised by a single correlation time τ, and if the fluctuations are in the muon time-window. When β = 1, the relaxation rate is related to τ by λ = 2 ∆B 2 τ where ∆B 2 1/2 /γ µ is the width of the internal field distribution, assuming the fast-fluctuation limit [15, 16] , and γ µ is the muon gyromagnetic ratio. If τ is very short, λ → 0 (motional-narrowing limit) and one may observe only relaxation due to the dipolar interaction with static nuclear moments (β = 2).
In the LS state, for complete spin crossover, all the moments should disappear since all molecules are now S = 0 and one would again observe only nuclear moments (β = 2). However, for incomplete spin crossover, a few molecules will remain in the S = 2 state, even at very low temperatures. For a very dilute distribution of moments, fluctuating with a unique relaxation time τ, a "root-exponential" (β = 1 2 ) relaxation is expected [17] (because of the distribution in A, corresponding to a distribution of stopping sites). In this case, λ = πc 2 ∆B 2 τ [17] where c 1 is the fraction of spins remaining in the S = 2 state, and ∆B 2 1/2 takes its high temperature value. Since c is small, we would expect λ to decrease on cooling if τ remained the same. Since the opposite effect is observed, τ must strongly increase on cooling. This slowing down of spin dynamics at low temperatures is consistent with the reduction in high spin fraction and therefore the weaker inter-spin coupling. (We note that the absence of any significant temperature dependence in λ in Fe(PM-PEA) 2 (NCS) 2 may be due to the effect of τ increasing with cooling cancelling out c decreasing with cooling.) In a more concentrated distribution of coupled moments found in certain spin glasses, a distribution in τ can result, which leads to β = 1 3 [18, 19] . This has also been found in transition metal oxides (see e.g. [20, 21] ).
The faster spin dynamics in Fe(PM-PEA) 2 (NCS) 2 reflect the strong intrasheet and intersheet interactions which have been found by crystal structure determination [12] . In Fe(PM-AzA) 2 (NCS) 2 the intersheet interactions are relatively weak. There is no structural phase transition at T c (the space group is monoclinic P2 1 /c above and below T c ) for Fe(PM-AzA) 2 (NCS) 2 , but Fe(PM-PEA) 2 (NCS) 2 undergoes a change of symmetry from monoclinic P2 1 /c (HS) to orthorhombic Pccn (LS) [12] , corresponding to a large rearrangement of the iron atom network. This symmetry change is responsible for the large hysteresis of the spin transition observed in Fe(PM-PEA) 2 (NCS) 2 .
The root exponential relaxation is normally obtained by assuming a probability function [17] 
2 to take account of the different sites. The muon relaxation function is then obtained by performing the appropriate average, so that G(t) = k [17] , where γ e is the electron gyromagnetic ratio, and r k is the distance from the muon to the k th spin. In order to understand the transition from simple exponential and root exponential behaviour, MonteCarlo calculations were performed. In the calculations, we place the muon at the centre of a unit cell in a cubic crystal, and calculate ∆ due to neighbouring spins. These spins are placed throughout the lattice with the site-occupancy probability c. This procedure is repeated for many ensembles so that ρ(∆), the distribution function for ∆, can be extracted. This is shown in Fig. 2(a) and demonstrates that, for c = 1, all environments possess ∆ = ∆ max but as c decreases from one, a distribution of values of ∆ is obtained. This is however still rather different from the normally assumed ρ(∆) = √ 2/π(a/∆ 2 )e −a 2 /2∆ 2 result (which results from a continuum approach and is only probably valid for c 1). The muon-spin relaxation function can be obtained using G(t) = ∞ 0 exp(−2∆ 2 t/ν)ρ(∆) d∆ and we use ν ∝ c 2 to crudely simulate the effect of the slowing down of the remaining spins as c decreases. Using the calculated ρ(∆), the muon-spin relaxation functions can be easily obtained and are shown in Fig. 2(c) . When c = 1 simple exponential relaxation results, but for c 1 the relaxation is similar to the observed root exponential behaviour. These curves were fitted to a stretched-exponential form exp(−λt) β and the extracted values of β are plotted in Fig. 2(b) , demonstrating this transition from exponential relaxation to root-exponential-like relaxation, as observed in the experimental data. 
